Future universe with w < — 1 Without Big Smash 
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Abstract 

It is demonstrated that if cosmic dark energy behaves like a fluid with 
equation of state p = wp {p and p being pressure and energy density respec- 
tively) as well as generalized Chaplygin gas simultaneously, Big Rip or Big 
Smash problem does not arise even for equation of state parameter w < — 1. 
Unlike other phantom models, here, the scale factor for the future universe 
is found regular for all time. PACS Number: 98.80.Cq. Keywords: Dark 
energy, phantom model, big rip and accelerated universe. 



Experimental probes, during last few years suggest that the present uni- 
verse is spatially flat as well as it is dominated by yet unknown form of dark 
energy [1,2]. Moreover, studies of la Supernova [3,4] and WMAP [5,6] show 
accelerated expansion of the present universe such that a > with a(t) being 
the scale factor of the Friedmann Robertson Walker line-element 
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dS 2 = dt 2 -a 2 (t)[dx 2 + dy 2 + dz 2 ]. (1) 

Theoretically accelerated expansion of the universe is obtained when the 
cosmological model is supposed to be dominated by a fluid obeying the equa- 
tion of state(EOS) p = wp with p as isotropic pressure, p as energy density 
and — 1 < w < —1/3. 

In the recent past, it was pointed out that the current data also allowed 
w < —1 [7]. Rather, in refs. [8,9,10], it is discussed that these data favor 
w < — 1 being EOS parameter for phantom dark energy. Analysis of recent 
la Supernova data also support w < — 1 strongly [11,12,13]. 

Soon after, Caldwell [8] proposed the phantom dark energy model ex- 
hibiting cosmic doomsday of the future universe, cosmologists started making 
efforts to avoid this problem using w < — 1 [14,15]. In the braneworld sce- 
nario, Sahni and Shtanov has obtained well-behaved expansion of the future 
universe without Big Rip problem with w < — 1. They have shown that ac- 
celeration is a transient phenamenon in the current universe and the future 
universe will re-enter matter-dominated decelerated phase [16]. 

It is found that GR(general relativity)-based phantom model encounters 
"sudden future singularity" leading to divergent scale factor a(t), energy 
density and pressure at finite time t — t s . Thus the classical approach to 
phantom model yields big-smash problem. For models with "sudden future 
singularity" Elizalde, Nojiri and Odintsov [17] argued that, near t = t s , 
curvature invariants become very strong and energy density is very high. 
So, quantum effects should be dominant for \t s — t\ < one unit of time, like 



2 



early universe. This idea is pursued in refs.[18, 19,20] and it is shown that 
an escape from the big-smash is possible on making quantum corrections to 
energy density p and pressure p in Friedmann equations. 

In the framework of Robertson- Walker cosmology Chaplygin gas (CG) is 
also considered as a good source of dark energy for having negative pressure, 
given as 

>=~7 (2) 

with A > 0. Moreover, it is the only gas having supersymmetry generaliza- 
tion [21,22]. Bertolami et al [12] have found that generalized Chaplygin gas 
(GCG) is better fit for latest Supernova data. In the case of GCG, eq.(2) 
looks like 

P = -^ ® 
where l<a<oo.«=l corresponds to eq.(2). 

In this letter, a different prescription for GR-based future universe, dom- 
inated by the dark energy with w < —1, is proposed which is not leading 
to the catastrophic situations mentioned above. The scale factor, obtained 
here, does not possess future singularity. In the present model, it is assumed 
that the dark energy behaves like GCG, obeying eq.(3) as well as fluid with 
equation of state 

p = wp with w < — 1 (4) 

simultaneously. 

Connecting eq.(3) with the hydrodynamic equation 
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p = -Z-(p + p) (5) 
a 



and integrating, it is obtained that 

p(i+«)/«(t) = A + _ A)(a /a(t)) 3(1+a ^ a (6) 

with p — p(to) an d oo — 0(^0)5 where t is the present time. 
Eqs.(3) and (4) yield w as 

A 

w(t) = — 77- w . . (7a) 
v ' p( 1+a )/ a (t) 

So, evaluation of eq.(7a) at t — t leads to 

A = -w p (1+Q)/a . (76) 
with w = w(to). From eqs.(6) and (7), it is obtained that 



P = Po 

with w < —1. 



_ wo + (1 + w )(a /a(t) f 1+a y a ] a/il+a) (8) 



In the homogeneous model of the universe, a scalar field (pit) with poten- 
tial V{4>) has energy density 

P<t> = \tf + Vtf) (9a) 



and pressure 



P* = \4> 2 -V(<P). (96) 



Using eqs.(3), (4), (7) and (8), it is obtained that 
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(l+a)/a i (l+a)/a 

2 = p{ y +P ° ^. (10) 

p 

Connecting eqs.(8) and (10), it is obtained that 

12 _ (l+^o)pS +a)/a (ao/a)^ +a)/a nn 
9 [-wo + (1 + w )(a /a) 3 ( 1+a '/t /(1+a) ' 
This equation shows that <fi 2 > (giving positive kinetic energy)for w > 

— 1, which is the case of quintessence and <fi 2 < (giving negative kinetic 

energy) for w < —1, being the case of super-quintessence (phantom). As 

a reference, it is relevant to mention that, long back, Hoyle and Narlikar 

used C - field (a scalar called creation field) with negative kinetic energy for 

steady-state theory of the universe [23]. 

Thus, it is shown that dual bahaviour of dark energy fluid, obeying eqs.(3) 
and (4) is possible for scalars, frequently used for cosmological dyanamics. 
So, this assumption is not unrealistic. 

Now the Friedmann equation, with dominance of dark energy having 
double fluid behaviour , is 

(^) 2 = H& [\w \ + (1 - |w |)(a /a(t)) 3 ( 1+Q H a/(1+a) , (12a) 

where |w | > 1. i^o is the present value of Hubble's constant and flo = po/Pcr,o 
with p cr:0 = 3Hq/8itG (G being the Newtonian gravitational constant). 

Neglecting higher powers of ^^^■(a /a(t)) 3< - 1+a ^ a , eq.(12a) is written as 



- ~ // Al w o| Q/2(1+Q) [l + Z 1 Z 0l \ (a /a(t))^/ a } (126) 



a 



2(1 + a) w 
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Eq.(12b) is integrated to 



= [2(1 + a )|w„|]°«'+°> [(°+2(l-K.)|w.|)^^^»-o(l-|w.|) 

(13) 

yielding accelerated expansion of the universe with a(t) — > oo as t — > oo , 
supporting observational evidences of la Supernova [3,4] and WMAP [5,6]. 
It is interesting to see that expansion ,obtained here, is free from "finite time 
future singularity" unlike other GR-based phantom models. It is due to GCG 
behaviour of phantom dark energy. 

Moreover, eq.(8) and (13) that energy density grows with time for w < 
— 1 and decreases for w > —1. Also p — > pol w o| a ^ 1+Q ^ (finite) and p — > 
—Po/\ w o\ a ^ 3( - 1+a ^ as t — > oo. Eqs.(7) and (8) imply time- dependence of EOS 
parameter 

w = -|w |[|w | - (|w | - l)(a /a(*)) 3(1+a)/ T 1 (14) 

with a(t), given by eq.(13). This equation shows that w — > — 1 asymptoti- 
cally. 

The horizon distance for this case (a(t) given by eq.(16)) is obtained as 



d H (t) ~ 



3(l + a)a(t) r 2(l + a)|w | 



a + (a + 2)|w | 



a/3(l+a) 



exp[6H \w 



a/2(l+a) t 



fn (at/3(l+a))} 
(15a) 



showing that 



d H (t) > a(t). 
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(156) 



So, horizon grows more rapidly than the scale factor impling colder and 
darker universe. It is like flat or open universe without dominance of dark 
energy. 

In this case, Hubble's distance is 



rvff../CX:iw„|a/2(l+Q) I rv + frv -+- 9.) Iw | ^ L 1 1 V V 7J i 

(16) 



ai/o^)|wo| a / 2 ( 1+Q ) 1 a + (a + 2)|w 

showing its growth with time such that H^ 1 — > |w |~ a / 2 ( 1+Q! ) 7^ as 

t — > 00. Here, f/^ 1 is found large and finite. It means that, in the present 
case, galaxies will not disappear when t — > 00. It is unlike phantom models 
with future singularity expanding as |t — t s |™ for n < , where galaxies are 
expected to vanish near future singularity time t s [8] as H~ x — > for £ — > £ s . 
In Barrow's model [24] 

! g + Cf + D(t a -t)» 

qCV- 1 - Dn{t s -t) n - 1 ' 1 J 

where B,C,D are positive constants and g > 0. Eq.(17) shows that, for 
n < 1, H^ 1 — > as £ — > £ s and at £ = £ s , iJ" 1 is finite for n > 1 .In the model, 
taken by Nojiri and Odintsov [18] 

H- 1 = [H(t)+A'\t s -t\ n }-\ (18) 

where H(t) is a regular function of £ and A' > 0. This equation shows that, 
for n < 0, — > as £ — > £ s and it is finite at £ = £ s for n > . 

Thus, it is found that if phantom fluid behaves like GCG and fluid with 
p = wp, it is possible to get accelerated growth of scale factor of the future 



universe for time to < t < oo with no future singularity contrary to other 
phantom models. Here also, it is obtained that energy density and pressure 
increase with time , asymptotically approaching finite values po| w o| Q ^ 3( ' 1+a - ) > 
p and — Po/lwol 1 ^ 1 ^ > — Po respectively. It is unlike GR-based models, 
driven by EOS p = wp, with w < — 1 having future singularity at t — t s , 
where p and p are divergent [8,14] or p is finite and p is divergent [18,24]. 
Based on la Supernova data, Singh et al [13] have estimated w for models 
in the range —2.4 < w < —1.74 upto 95% confidence level. Taking this 
estimate as an example with a = 3, p^ = p(t — > oo) is found in the range 
1.15po < Poo < 1.24po- This does not yield much increase in p as t — > oo. 
But if this model is realistic and future experiments support large |w |, Poo 
will be very high. In both cases, small or large values of |w |, increase in p 
indicates creation of phantom dark energy in future. It may be due to decay 
of some other components of energy in universe, which is not dominating, 
for example cold dark matter. 

It is interesting to see that big-smash problem does not arise in the present 
model. In refs. [17,18,19,20], for models with future singularity, escape from 
cosmic doomsday is demonstrated using quantum corrections in field equa- 
tions near t = t s . Here, using classical approach, a model for phantom 
cosmology, with accelerated expansion, is explored which is free from catas- 
trophic situations. This model is derived from Friedmann equations using 
the effective role of GCG behaviour in a natural way. 
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